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ABSTRACT 


COST EFFECTIVE NAVAL SHIP 


SYSTEM DESIGN 


by 


KENNETH WAYNE SHAFER 


SUBMITTED TO THE DEPARTMENT OF OCEAN ENGINEERING IN MAY 1976 
IN PARTIAL FULFILLMENT OF THE REQUIREMENTS FOR 
THE DEGREES OF NAVAL ENGINEER 
AND 


MASTER OF SCIENCE IN SHIPPING AND SHIPBUILDING MANAGEMENT 


The Naval ship system design approaches used in recent 
years are described. The cost of ship system design effort 
expended in developing the contract plans and specifications 
for Naval ship acquisition is presented. The various ele- 
ments of design effort contributing to the cost of Naval 
ship system design are identified. 


A measure of the effectiveness of the level of effort 
expended on ship system design is developed by determining 
the cost of ship construction contract changes caused by 
deficiencies in the contract plans and specifications. The 
measure of effectiveness 1S combined with the cost of 
developing the contract plans and specifications and pre- 
sented as a measure of the cost-effectiveness of Naval ship 
system design. The results include recommended optimal 
levels of Naval ship system design effort. 


Thesis Supervisor: Clark Graham 


Title: Associate Professor of Marine Systems 
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CHAPTER I 


INTRODUCTION 


The purpose of this chapter is to introduce the the- 
Sis. The reasons for conducting the research will be pre- 
sented, the specific research question to be investigated 
will be stated, some special terminology will be defined, 


and the method of research will be described. 


Reason for Conducting the Research 
The United States Navy has been building and oper- 


ating ships since the Revolutionary War. In spite of the 
vast shipbuilding experience of the United States Navy, 
shipbuilding projects have persistently experienced changes 
to the ship during construction. These changes have, in 
general, resulted in cost growth. It is rare that a ship is 
delivered to the Navy at a cost less than that estimated 
during the design phases of the ship acquisition project. 
It should be emphasized that cost growth, or cost 
"overrun," is not a new problem. USS Constitution, "Old 
Ironsides," was authorized by the United States Congress in 
1794, along with five other frigates. A total of $688,889 
waS appropriated for construction of the six ships [35]. 


The appropriation was based on several assumptions regarding 
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material availability. These assumptions proved to be erron- 
eous within a few months. In particular, live oak for con- 
struction of these ships proved to be very difficult to get. 
In addition, changing requirements for the fledgling United 
States Navy resulted in cancellation of three ships, and 
diversion of some of the materials to the three ships remain- 
ing in the program. 

The USS Constitution was launched in 1797, and subse- 
quently delivered to the Navy at a final cost of $302,719 
[35]. The delivered cost of three ships was slightly over 
$902,000, compared to $688,889 appropriated for six ships. 

There are many reasons for cost growth in ship acqui- 
Sition programs, including change in quantity, improvements, 
and correction of deficiencies in the ship system design. 
During the decade of the 1960's, the Ship Construction Navy 
(SCN) funding for new construction and conversion of Naval 
ships proved to be inadequate due to cost growth. The under- 
lying reasons for the cost growth were investigated, and in 
1969 the SCN Pricing and Cost Control Study [45] reported 
that inadequate contract plans and specifications were a 
major cause of the funding deficiency in the SCN program. 

Commander A. C. Meiners, Jr., conducted an extensive 
study of the causes of cost growth in weapon systems acqui- 
sition in his 1974 George Washington University dissertation 
[36]. Meiners reported that incomplete plans and specifica- 
tions at the time of contract award ranked second out of 


thirteen causes of cost growth; exceeded only by changes in 
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Operational requirements causing a change in the weapon 
System, Other than quantity. Change in quantity was not 
included among the thirteen causes investigated by Meiners. 
The SCN Pricing and Cost Control Study recommended in 
1969 that the Navy improve in-house design and specification 
writing capability. In addition, a formal evaluation of the 
entire ship specification was recommended. These recommenda- 
tions have contributed to an increase in the scope of effort 
expended in Naval ship system design since 1969, and in the 
cost of developing contract plans and specifications. In 
Spite of this increase in the scope and cost of ship system 
design effort, the Navy Marine Acquisition Review Committee 
(NMARC) recommended in January, 1975, that the Naval Sea 
Systems Command (NAVSEA) continue emphasis on increasing the 
scope of design effort going into contract plans and specifi- 


cations [43]. 


Statement of the Research Question 

Meiner's study, and the NMARC recommendation to con- 
tinue increasing the scope of ship system design effort, sug- 
gest the question, "What is the correct scope of ship system 
design effort to expend in preparation of contract plans and 
Specifications?" More simply stated, "How much design is 
enough?" Increasing the scope of ship system design effort 
should reduce the cost of changes caused by deficiencies in 
the contract plans and specifications, but the magnitude of 


cost savings resulting from increased design effort is 
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unknown. Spaulding and Johnson ask, “How much design is 
enough?" in their February, 1976, article on Ship Design 
Management, and state further that a measure of design cost 
effectiveness must be developed [51]. The object of this 
thesis is to develop a measure of Naval ship system design 
cost effectiveness in order to answer the question, "How 
much design 1S enough?" 
Corollary questions related to the principal research 
question of "How much design 1s enough?" include: 
1. Can acquisition cost be decreased by increas- 
ing the scope of design effort? 
2. Does sufficient design capacity exist to sup- 
port an increase in the scope of design 
effort? 
The primary effort of this research will be to answer 
the principal question of "How much design is enough?" Corol- 


lary questions will be addressed to the extent feasible. 


Special Terminology and Acronymns 
This thesis will include language and acronymns unique 
to the Naval ship system design and acquisition process. The 
following definitions are provided to aid the reader. 
Naval Ship System Design is the design effort 
Ea pended between the initiation of feasi- 
bility studies and the completion of con- 
tract design, and does not include detail 


design performed by the shipbuilder after 
contract award. 


Naval Ship System Design Deficiency is any 
technical or editorial error in the con- 


tract plans and specifications, including 





conflicts, omissions, inconsistencies, 
engineering mistakes, infeasible weight 
and space allocations, and inadequate or 
unclear system definition. 


Design to Cost is a design constraint imposed 
on the Naval ship system design process 
requiring the ship acquisition cost to 
be less than a specified amount. 


Fly Before Buy is a constraint placed on the 
weapons system acquisition process pro- 
hibiting initiation of weapons production 
until prototype tests are satisfactorily 
completed. In the case of shipbuilding, 
true prototyping is not feasible; there- 
fore, "Fly Before Buy" is complied with 
by extensive land based testing of crit- 
ical subsystems during lead-ship con- 
struction, and by incorporating lead- 
ship detail design and construction 
experience into the follow-ship contract 
design. 


Total Package Procurement is a weapon system 


acquisition strategy that places total 
responsibility for system design, con- 
struction, and demonstration of specified 
performance on the builder. The builder 
assumes all risks involved in sub-system 
development and integration and is re- 
quired to provide a performance warranty 
on the finished product. 


Concept Formulation/Contract Definition is a 
system design process developed to sup- 
port the total package procurement acqui- 
Sition strategy. The concept formula- 
tion phase is an in-house Navy effort to 
develop the system performance specifica- 
tions. The contract definition phase is 
a three-step process during which compet- 
ing contractors present plans for execut- 
ing a system design, then execute the 
system design, and finally translate the 
design into detail specifications and a 
contract for production. 


OPNAV is the office of the Chief of Naval 
Operations. 


NAVSEC is the Naval Ship Engineering Center, 
Hyattsville, Maryland. NAVSEC performs 


14 





Jibs. 


the function of Design Agent for the Navy, 
under the control of the Naval Sea Systems 
Command (NAVSEA). 


Ship Acguisition Cost is the total cost of 
acquiring an elivering a ship system to 
the Navy including all payments to the 
shipbuilder, cost of all government design 
and development, government furnished 
Material and information, fitting out, 
Spare parts placed on board the ship, and 
post-shakedown availability work. 


CG26 is the USS Belknap, formerly DLG26. 

CGN36 is the USS South Carolina, formerly DLGN36. 
CGN38 is the USS Virginia, formerly DLGN38. 
FF1052 is the USS Knox, formerly DE1052. 


FFG7 is the Patrol Frigate USS Oliver Hazard 
Perry presently under construction at 
Bath, Maine, formerly PF109. 


TLR is a document jointly produced during the 

~ conceptual design phase by OPNAV and 
NAVSEC, establishing the Top Level Require- 
ments for a ship system. The TLR describes 
the ship system performance characteristics 
in operator language and establishes design 
constraints and guidance. 


TLS is a document developed by NAVSEC during 

~ the preliminary design phase, establishing 
the Top Level Specifications describing 
the ship system in engineering language. 


ILS is Integrated Logistic Support; the plan- 
ning of crew training, spare parts stock- 
age, and off-ship maintenance and repair 
support for a ship. 


RMA is Reliability, Maintainability, and Avail- 
ability analysis involving the application 
of probability theory to systems to pre- 
dict frequency and duration of system 
failures. 


T&E is Test and Evaluation of systems, sub- 

"systems, and components for the purpose of 
system integration, and qualification for 
Naval service. Test and Evaluation ranges 
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from whole ship system testing during shake- 
down and operational evaluation, to shock 
testing of an individual equipment or com- 
ponent to qualify that equipment or com- 
ponent for Naval service. 


DSARC is the Defense Systems Acquisition Review 
Council. DSARC evaluation and approval is 
required at least three times during every 
weapon system acquisition program. DSARC 
review occurs after concept selection, 
upon completion of preliminary design, 
prior to prototype (or lead-ship) con- 
struction, and prior to full scale pro- 
duction (follow-ship construction). Addi- 
tional DSARC reviews may be scheduled at 
Other checkpoints in the weapon acquisi- 
tion program [32]. 





CDRL is Contract Data Requirements List; CDRL 
is a complete listing of all design data, 
drawings, technical manuals, operating 
instructions, etc., that the contractor 
is required to provide to the Navy as part 
of the contractual obligation. 


GFE is Government Furnished Equipment. GFE 
includes all equipments and subsystems 
furnished to a shipbuilder by the govern- 
ment, and usually includes all weapon 
subsystems, sensors, command and control 
electronics, communications electronics, 
and all nuclear power subsystem compo- 
nents. Additional components and sub- 
systems have been added to the above list 
for some ship acquisition programs. Occa- 
Slionally the amount of GFE is less than 
listed above, as in the case of a Total 
Package Procurement. 


GFI is Government Furnished Information and 
includes contract plans and specifications, 
and all technical documentation required 
for the shipbuilder to install and inte- 
grate GFE into an operational ship system. 


Cost Estimating Classes are a system of classi- 
fying cost estimates by level of estimat- 
ing quality. The cost estimate classes 
currently in use are: [42] 


Class F: Quick cost estimates prepared 
in the absence of the minimum design and 
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cost information package, based on gross 
approximate parameters. Typically, 
estimates are generally calculated by 
merely escalating to current dollars an 
empirical cost for a similar ship and 
adding factors for expected changes in 
design, accounting procedures or other 
economic considerations. 


Class E: An estimating process when cost 
and design information is developed by 
use of a computer model which grossly 
determines ship specifications from a 
given set of input characteristics. In 
general, the output cost and design in- 
formation is calculated from estimating 
relationships through a series of equa- 
tions while payload type items such as 
electronics, ordnance, etc., are costed 
by a shopping list technique within the 
model. 


Class D: An estimate of a lower quality 
than a Class C estimate due to an insuf- 
ficiency in the design, procurement or 
cost information primarily the result of 

a need for an estimate before such infor- 
mation can be further developed to justify 
a C classification. Such early estimates 
are usually exploratory in nature and are 
prepared to perform trade-offs and cost 
effectiveness analysis, to establish 
notional ship characteristics and for 
costing the program objectives in the out- 
years where there is an absence of suf- 
ficient design development. 


Class C: The highest level of cost esti- 
mates attainable in the planning, pro- 
gramming and budgeting process. A Class C 
estimate is the recommended level for 
estimates of cost to be used in the budget 
submission especially at the Congressional 
level, preferably for the NAVCOMPT and 
OSD/BOB submissions and whenever feasible 
for the program objective estimates for 
the current budget year. 


Class B: An estimate prepared to validate 
the "reasonableness" of cost estimates 
received from contractors or government 
shipyards. Prepared immediately prior to 

a bid opening or upon receipt of an initial 
cost estimate from a Naval shipyard. 
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Class A: An extensive cost estimate pre- 
pared to validate an end cost estimate; 
for determination of a "fair and reason- 
able” price for comparison to contractors 
prices; but primarily for contract nego- 
tiation purposes. It is always prepared 
in the post-budget process and generally 
prior to a bid opening or scheduled nego- 
tiation of fixed price incentive or cost 
plus type contracts. This level of cost 
estimate requires contract plans and speci- 
fications and a detailed contract design 
weight estimate as inputs from the design 
process. 


Method of Study 


Development of a measure of ship system design cost- 
effectiveness requires the development of a measure of cost 
and a measure of effectiveness. The cost of ship system 
design is readily available for several classes of Naval 
ships. Measuring the effectiveness of ship system design is 
more difficult. The military worth per dollar invested in 
acquisition and ownership is a measure of ship system design 
effectiveness; however, measuring the military worth of a 
Naval ship in terms of dollars presents formidable problems. 
It is theoretically possible to measure the military worth 
of a Naval ship through the application of multiattribute 
utility theory, but the practical application of multiattri- 
bute utility theory to a system as complex as a multimission 
Naval ship is an extremely large undertaking, and is beyond 
the scope of this thesis. 

This thesis will concentrate on one measure of ship 
system design effectiveness; the cost of contract changes 


caused by errors, omissions, inconsistencies, or other 





doe 


deficiencies in the contract plans and specifications pro- 
duced by the ship system design effort. 

Three distinctly different approaches to Naval ship 
system design have been used since 1960. Each of these 
approaches will be described, and the differences will be 
examined. Ship system design tasks common to all three 
approaches will be identified. The cost of the design 
tasks common to the three different approaches will be pre- 
sented for several classes of Naval ships. The cost of con- 
tract changes required to correct design deficiencies in the 
contract plans and specifications will also be presented. 
With the ship system design cost and the cost of correcting 
ship system design deficiencies thus established, a cost- 
effectiveness function for those design tasks common to all 
three approaches will be developed. The cost effectiveness 
of design tasks not common to all three design approaches 


will not be determined. 


Organization of Thesis 


Chapter II will discuss three different approaches 
to Naval ship system design, and will identify the work 
tasks common to all three approaches. 

Chapter III will present the cost of ship system 
design for several classes of Naval ships. The cost of work 
tasks not common to all three design approaches will be 
identified and segregated from total ship system design 


costs. The cost of the design tasks common to all three 
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approaches will be adjusted for inflation by applying a cost 
index based on the cost per man-day of design effort. The 
design cost will be presented in constant Fiscal Year 1976 
dollars. 

The acquisition cost of the lead ship of each class 
under investigation will be presented, along with the aver- 
age acquisition cost per ship for each class. The acquisi- 
tion cost will be adjusted for inflation by applying a ship- 
building cost index developed from material and labor cost 
indices. The acquisition costs will be presented in con- 
stant Fiscal Year 1976 dollars. 

The cost of ship system design elements common to all 
three design approaches will be expressed as a percentage of 
ship acquisition cost for each ship class, in order to take 
into account differences in ship system complexity. Ship 
system acquisition cost is proportional to ship system com- 
plexity, and ship system design cost is proportional to 
ship system complexity. By expressing ship system design 
cost in percent of ship system acquisition cost, the effect 
of ship system complexity is taken into account for a given 
type of ship. Combatant ships and auxiliary ships will be 
treated as disparate types. 

Chapter IV will discuss the method of collecting data 
on the cost of contract changes caused by deficiencies in 
the contract plans and specifications, and present the data 
collected. The cost of changes caused by design deficien- 


cies will be adjusted for inflation by applying the ship 
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building cost index from the chronological midpoint of ship 
construction to mid-1976. The cost data will be presented 
in constant Fiscal Year 1976 dollars and in percent of lead 
Ship and average ship acquisition cost. 

The cost of changes caused by deficiencies in con- 
tract plans and specifications is proportional to ship 
system complexity. The effect of ship system complexity is 
taken into account by expressing the cost of changes in 
percent of ship acquisition cost, for a given type of ship. 
Combatant and auxiliary ships will be treated as disparate 
types. 

The information presented in Chapters III and IV will 
be combined to develop a Naval ship system design cost- 
effectiveness function for those design tasks common to the 
three design approaches used since 1960. The return from 
increased scope of effort expended on these common tasks of 
ship system design will be quantitatively assessed, and the 
level of effort at which marginal return in terms of reduced 
changes cost is equal to marginal cost in terms of increased 
design cost will be established. That level of effort at 
which marginal return is equal to marginal cost, is the cor- 
rect amount of effort to expend on development of contract 
plans and specifications during the ship system design proc- 


ess. 
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CHAPTER II 


APPROACHES TO NAVAL SHIP SYSTEM DESIGN 


Introduction 

This chapter of the thesis will review the different 
approaches used in the Naval ship system design process 
over the past 15 years. The prominent features of each 
approach will be presented and compared as background for 
the development of Naval ship system design costs in Chapter 
III and Naval ship system design effectiveness in Chapter 
IV. The design tasks common to all three approaches will be 
identified. 

Three distinctly different approaches to Naval ship 
system design have been used during the past 15 years. 
Prior to about 1965, the design approach was what is now 
called the "Conventional" approach [3, 19, 37]. During the 
mid-1960's, the total package procurement (TPP) weapon 
system acquisition approach was developed, resulting in the 
ship system design approach called Concept Formulation/ 
Contract Definition (CF/CD) [l, 3l, 48, 49, 50, 52]. The 
CF/CD approach was terminated as the decade of the 1970's 
Started, and replaced by the present approach to ship system 
design. The prominent features of each approach are dis- 


cussed in this chapter. The discussion is intended only to 
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highlight the prominent features of each approach for com- 
parison purposes, and is not intended as an exhaustive 
treatment of the subject of Naval ship system design. The 
reader interested in more detail should consult the refer- 
ences cited. 

Figure 1 provides a comparison of the terminology 
and sequence of events as practiced in each of the three 
approaches [19]. It should be noted that the detail design 
and working drawings are produced by the shipbuilder in all 
three approaches. This thesis is concerned with system 
design as opposed to detail design. Ship system design 
encompasses all the design activity from the beginning of 
feasibility studies through the completion of contract 


design. 


Present Naval Ship System Design Approach 
Figure 2 illustrates the key features of the present 


ship system design approach, and the sources of these fea- 
tures. In essence, the present approach is an attempt to 
combine the best of conventional and CF/CD approaches, and 
at the same time incorporate additional desirable features. 
The objectives, products, and process of each phase of the 
present approach are summarized in Figure 3 [51]. 

Under the conventional ship system design approach, 
the "Customer's Requirements" were provided to NAVSEC in 
the form of "Single sheet characteristics." Actually, this 


document would consist of three to ten pages and was a 





24 


*sayoroiddy ubtsaq waysks dtus Teaen JO uostizaeduwos 





| NOISAG 
NOI LONdOUd LOWULNOD 


dIHS MOTIOJ dIHS MOTIOd 








STL WIL dortasasaq 
dojTsaaq 


TUS 
dojTaaaeq 
































NOISaa NOISad NOISad 
Se dIHS ava dIHS avai -WITaud pate! | ees 





OUWSA OYWSA JYWSd 


aie NOILINIaga NY eta 
LOWULNOD 





NOISdG 
NOI LONG NOISAG NOISAd AUWNI SdIqdnws 


-OUd TIWLad LOWULNOO -WIdud LdFONOO 





°[T eanbty 


LNA Saad 


qd/dd 


TWNOISL 
-NGZANOO 





2 





‘-ubtseq woq3sds dtus TeAeN OF YOrorzddy RZusserAg Jo SjZUSsWAeaAT_ ‘*7Z eAzanbty 


wbLSOO OL NOISAC, 

wANG AXOdHA ATH 

MOWddddd NSOISdG TIVLdd 

LNGAWADYNWW NOISHAG daZIGdVanvas 
NOILWdIOI“LUYVd wOLVeddO GCALNAWNOOG 


ry 

tJ 

Pr 12 

aie 
= 

A) 

tx 

nn 









NOISAG W4LSAS 

dIHS ‘IWAWN 
OL HOWOUddV 
LNASdadd AO 
SLNAWA Ta 





Gd/do WOU 






SISATIVNY ALITIGVIIVAY ANV 
“ALITIGWNIWINIWN ‘ ALITIGWITAY 
LYOddNS SOILSISOT GaLVeSaLNI 


aba 


NOILONGOUd AAaTINGdIHS-IDIOW 


NOTLVdIOILYVd qaaQTINddIHS 
NOILVYINGAWNOOd HONOUOHL 
SISATWNY SWHLSAS SNOXODTY 


NOISdG ASNOH-NI HONOUHSL 
TOULNOD FASOTO NIVLNIVW 








26 


*ubtsaq weysks dtyusg [eaen 03 yovrorzddy ZUeSeIg °*¢ oANHTy 





adA3 2aA40238 a0 





























Lite co ona tienes 5 do A re sae “UOTITUTZOP JO TaAaT paesvaetsuy 
IOjZJJ2@ uoTavotpNf pe pue sasaraaz aSeysed yeurz aatsueaur - 5 WTYOOS Suowsesas Teuotyesado Areuqwyyazg - 1 ’ 
ey oe Wweese TeEITItID 30 arlene ss dn-yo0u - 3 aGeyoeg B3uauartnbay erec 39"23U05 - Lu wSno0sua wagede dyus Tea 30 vorIepTTeA yezaueb - p 
sanode, aoeds porreyap - a UOTITUTZEP squauerztnbez TyD - 45 . ebeyord erqeppsq, 
$3832 [Tapow Aq uotyepTTsA aouBUIOzIad waiske [eutjz - P BUOTIVSTZIDVdS YusuBINd0OId 3y5 - 3 TENQSeIQUOS e 03 dtys ayy Zo uoTrtutzep 
wotaturjzap rausudrnbaswaysAeqne partteyap - 5 Batpnse TeosaAtwue yednyseq, - a -buzwBautbua, Tq4 2U2 JO vOTIeTBUeIA eIeTdwo> - > NOIS 30 
uot3tutjap 749/329 + * (B3UeWNDOP aouRpTNo pue satpnas *{HutTyTed 3:wOS—O3-uUbyeeP & JO JuSeWUBTTCeIee WYHLNOD 
abvyoed Yay 30 Aatryrqtonpoad pur Aarrrqeyserquo0s “¢ Parsartas yar~ sbutavzg Apnas cue aaueptny 39833405 °39023U05) abexseg tay - © JIoddns) s3¥wWI3"2 3605 g BRETD F 103 pertnber als 
uorzerzedai:d abeyoed tyq> *7 *'syonpo01g ubteag Arvututyaszg zanun paasty suetd jo eruawdoyaaap ray23N3} TaAet ay2 023 dtys ayy zo uosatusjzap arnese 03 - q 
suotywotztsads drys jo uotawaedaid ‘1 aeGd UOTISNI3SUOD ¢ UbTSaq [16399 10} SquaumMsoq Butuuerg - 5 “III Suvsg 
7UO STseudwa - q uotzestztseds drugs - ¢ JO} OTQBIATNS ((TAW) suTlTaseg pe,ecsotrty) 





320332 sof wu @IeuTIES BOS g sBPTD PUTTOSBQ TONIOSIQUOS/TeSFUYSeR BF BPTADIA 03 
syedrteuy waseds y,#ot7z39eT2 


uotIdTIs¥aq TOI3U0D puF syshteuy weasds uotsrndozg “fT 


























UOTIDISTSS SOpZeTIIIe#WeYS OUFWIWOD ¢ BUOTIPSTuUNuWOD TeUIaIx™y “97 8382, TapoOK 
Aarjua dtys pue wagsdsqns jo uotyatdwo>s av .azaarzz ubteag, - 3 aUeussavey seDUeuz0j3aqg sb5saq ¢ etsAteuy BbButsaansuen 
waysAs dtys yuzra uotzerbagurt susasds aequo> - a aptedoL, ¢ squawabueizy euustuy °§7 /buydaeyeas/@suszeteay “7T 
qaeudoTaaap stl uo snd0y - Pp steAqtsuy zeu0s etedreuy Aatrtqeas “tl 
STeALBUe LUOTIeZTUzIdo/uUCT aBIOssUT [aaazy waasde dyys aatsuarsul - 3 9 Jal ‘FP PSY “sOtTIedAeK “DI Pp? azewt3ez aybtey ‘or 
WHY /STI wqueuebuersy aoeds waasds aequod * Ez Batpnas AVITIqeatTcRH °6 
uotzoaI0zg drys UOtadtiosag wayed5 3equod °77 B2TPNIS BBaDoyY fA "ewaze@Aegns paaysetTer Jo uoyIepT{Tea - 6 
UOTIFIGTA PUB SSTON saedteuy 9 suvrbetg yOOTg waashs 3PquoD <Iz ea3uawebuersy asads ° *TROB Qe0d-S3-ubTeep ala wITZUOD - 3 
Bataetsaqoezey> Aryaug dius ‘z wueUuNseg FIPC aVQWOD ‘OZ equauwsbueltzy [ezeuey ° 9 ‘dtuve 72203 a3 jo vos.ertutado 
souvustojyreg ubteag aptsdo, ¢ seuuaquy eryedA{euy Toru0D dtus “6 s5a1g ¢ BpedATeuy TRINIONI35 $ @ouewz0z 20d pus 30> UTA QuBerIBTBUOD U5TI08302d 
siovuss ¢ Fucdeam eButneig 9 eyteAleuy Wwu ‘fb dyye pu® asyou ee yone sstIeTIeQoe7RYS Ast que 
butuuew dtus GavAteuy swaavks sucdesam 9 yYSaq * AT etsdteuy YOr398302g dyys @TOYUR 103 eT re253>5 “Ubteep TeUutz a>eTeB O23 - @ 
882INZINI3S Slt yeuwewerg ¢ Squau@rztnbew owAH *cI dus 9 uOzaeny~eaq aston “¢ "2805 pue souewiojzed drus NOIS3O 
Torqu0> dtys etedAteue yuaunsog TeI02 JO uotreztTapado 107 pe qcoetss ereyedeqne 
sweets quawystuatday 9 bGutTpurH sucodeam 9 yDag weseds aatadztiovap Azeutut{azg “91 Buyuuen dtus Azeurwttarg “7 PO,BWHaguyT JO UOTIFUTZep TeVOTISUNZ SasyySe OF - Pp 
DYWAH eyuawabuezzy Azerttxny 9 Azaurysew "st (T3W) 38tT QueudtnbzZ zax8e8W “TT *ubseeg 35ermU05 buyanp 


suaysds Azerrimy 

wesshs uotstndo1zg 

Iaog 933359TF 

Syuaasbueisy Terausy 

W207 TTSH 
eaayedeqns -{ 
UOTZ5aTe@s puw lmatae®zxr ubtwap, stedtoue jj0-epe7, 3805-03-ubtEB—ag - Q 
{OR 00007; 220332 sz0ofew - oe 





ebexoud Tdi - P 
UvTd JarsenH WIL ‘Pp 
.peztnbaz 51) uPtd auauebeuew 23tS$ rasal peseg pur] -f 
UeTg quewebeumw warsds aeqmoy “7 
ustd STI ‘Tt 
®3uewnsog butwuerg - 
STL - 
@3euztIF2 3805 5 BBPRTD 


aBueyd You TITA VOTITUTJep pus er-s drys steeq 
®ya 2eys yone werede diye pegezbesut us jo 
uoT3dyzseep butzesusbue se yeTdmos e sastuse 03 - 5 
*‘(e3eaties Aytrenb re6pnq 
QEOROT) SIFUTIVS 3705 3 VeETDS B 103 pertndez 
Teaay 242 02 dyue @yr. 35 UOTITUTJep emePe 93 - g 
“IX SUVS 203 ((1ed) eutTeseg 
TeuoTAsungZ) SuUTTeweq TesTuUYses, & sptTacid of 





#au 





dioday ubrteeg yensdasuo5 ays ut pepnitsuy euwsr BAogy 





ejuawebueizze aptedoy 
pus aoeds s2tu0335078 “of «wezb¥tp xD0Tq #aasde asquod aatie3uey “8g 
















etedteue Azautyoew Azesrtyxne “cr (Teut3do) uorssa6 dtuspru yemayonms +7 ‘waTpnas AItITqrerey ea 
VOTIO@Tae JoresUSB ®aIn> Janod/peedsa -9 Uy PSTZFIUSPT ONVTI TesTuyoss Jofeu Jo uos AnTOwRZ TeTITUT - Pp 
BAtIBIUaY ¢ BTSdTeue rancd «pT eyedteue buideayeer *(eubteeq 35e7u05 pue 
quewebuerze Arsutyoru “CT ATT Qe2e shewep pue oezeasue3, “5 AT@UTWTTSIg UY ~perNpez, aq Arue prnoys 3805 pur 3YbTeFA NOISSC 
ByxSTI [PoTUYySay Jofem Jo uotinjowar uo stseyudwa - 3 ersdAteue sattadord/uoystndozd - zt uetd Apoq <‘» "@zye) ubseaq Areusutyaid JO voTIetsysuy 103 suyTeeres astz 
3a0png aybyan/aoeds atqtpez> 30 yuaudotanap - a IVTT auawltnbe - TT T@AeT atTHyp ¢ ae arxewsaee ayblen “f ® 30 “voTsTAoId - aatneaz Apnae AasTtaqteee; 30 votaeptrea - 3 | WL dG SOND 
@3JO-ape33 wageAegns zolew - p 2¥TT Outuuew “oT SouUTAvIp Jueumbuer3Ie [ereueh <7 * (AWNdO 4q TeOob 3205-03-ubyTTep & 
Satpnas Asyliqreeay ut epee 3StT susudtnbe sucdean “¢ ateuosze2 ubseep “7 Hutzwae 1OZ BtseqQ & BaptAcId) |2PUTI¥e 3"05 GC BERT & 103 
oPATISTSIL “SA BTS¥Q [aanTosqe, uv UO pezrs drys - 92 





peztnbez Taaat aya 03 dzue aya jo Vor3aTUTzep Bmaese 02 - G 
‘ eubseep 
Te ,usudoyeaep 10 3uer,eqIOS Jsolem ABU 3103 I sYYSC 103 
((T95}) SuTTeweg TeNIdaoU0d) auTTeseq TedfuUyses e& eptaord O23 - e# 





(TeTleszed UT GASTPNIS GRSUSATRZ Daz ya 
Azeviytw) WUOuUdOTSASD HTL UYTA UOTZ9RZaRUT Tenuz ques - 
{atdoad s7-¢T) dnozb szabse7 


abexced (185) SutTaerg Tenadasuo> - > 
Z YOFIFSS STL "YTL sajyeIp - qq 
@2FaT IBS 30D CG BRRTD e 











"3865203 3805-03-ubteep e but33ee8 103 eTeeq sy epTaczd 

-edtue 

PATISuUIOITS WATA Peqepoowse wet THSTuYyses Jolew ea Azy3uepy o3. - & 
"SIPWIIBS Q2VOD (FAT NBII FT Geslel eeey 3103 J Beets) Fevers e 





wesenas Artrtqteeas Guyaeparut 2203aq pedoyaaap aq yenu 
Abojopoymaw ubtsap otevq ‘subrsap 3IG-3YR-JO-3303s8 vou 303 - 5 
POvesIge Bt FQlNveZ 


*azodeu Apnas Aarrrateeess aya ut PFPNTIUT a1e BueIT sAdcy 





BaI7uT Oe ware pu 





JO OMIPU JPINToRge, “BA AduaIsTSUOD pue AdeINDDE aatTavtez - 3 aumtor drys e303 Sutpnrour {.4pnae puey. @ jr) 303 p@rtnbez Tansy ayy 02 edyye satreuzreate 30 UCTITUTJEep emese 02 - Pp S3IQNLS 
{"93e8 uot35a.03d apts) 69INIBSZ Tetseds pues swart Azjzawoeb dyye Terzeuehb - Sbutmerp ejueumbuerszse pezausb - a “(,4“OTISeTeS 3desu05,) ubseeg ALUWNalSvag 
peoyded sofwu ‘aouempua ‘paads yosura2a ut esueurzojzad - ZP@mod STIWDZaTSe peT[ereur - (9TQ@eTTeAe OU Teapow ereeyaude ZF Tensde@suo) 303 dyye e ‘peutzjep weatieuzaaTe ey2 WOrZ ‘35eTe" 03 - > 





peeds - puey Aq pedojeaaep) euoctavoorre eoede 


8IeTTedoid jo (T#@aaT 3thtp T} aybsyam Tepow eteayaude - 
{squBbjaa drys uo Aseinooe 45) etsd eure dequnu ¢ Azautysru jo addy - protded zo votsrutzep - 


(edrye o¢-z) puey zo edtys OOf-0s) Tapow be abet = e {P@aeTTUs puP @2RUTIVs 3805 3 30 G debe = "eQUaWaZTNbeI ssueuZojzad TezyazuT “Ydeordde Jo *3ee0e0 yotyA Bad 
atdoed (y-¢) 310338 dno3zb tT eus ®,0d> °8299t330) yuauatduos - -UOT398Ta8 adaouos, uoTIONpord parezoosee Yat ‘edytuse aTqreeeaz 30 ealres © eLtzep 0o3 


" (@ATZRUTSITE 2azQ9az33a 280d ATT euotTavrado Yeow sauTmIEIep OF eT) 
83905 UOTISnNpord pue (Vatpn_e wesueATI9e33e AzwatT yw uoTUedmDD 
UO paweq) sjuewartnbezr TeuotTaeredo Useateq soueTeq & sAsTyse 03 - 9 


e 
Satpnze puey yaa pedoleaep sbutavip squawabuez3e Tezaueh - p 
wandano Apnas puey ersayjgude uo #@azetado uwrbord 3805 - > 


oo fam 


aaev 





27 


brief description of the type of ship desired, including 
specification of speed, endurance, weapons and sensors, 
crew size, and frequently the type of propulsion plant [37]. 
During the conventional design process, the characteristics 
were sometimes modified as a result of design trade-off 
studies. The trade-off studies were guided by the Ship 
Characteristics Board (SCB), a group of high-ranking officers 
in OPNAV. The overall ship characteristics were approved by 
the SCB during preliminary design. The membership of the 
SCB was not static during the time between completion of 
preliminary design and delivery of the ships to the fleet; 
consequently a Board comprised of different people was some- 
times unhappy with the ships when the ships were delivered. 
Beginning with the Guided Missile Frigate (FFG7) in 
1971, a Top Level Requirement/Top Level Specifications pro- 
cedure was implemented as a replacement for "Single sheet 
characteristics." The Top Level Requirements (TLR) document 
is a detailed description of the capabilities to be provided; 
and, in addition, contains considerable philosophy about 
factors to be considered as governing during trade-off 
studies {41]. The TLR document is produced in rough draft 
form by the Chief of Navl Operations (OPNAV), then sent to 
the Naval Ship Engineering Center (NAVSEC). Operators and 
designers jointly produce the final draft in smooth form 
during conceptual and preliminary design. The final form 


is a document of 100 pages or more and describes in detail 
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the ship system characteristics and capabilities in the lan- 
guage of the operator. 

The Top Level Specifications document is produced by 
NAVSEC during preliminary design. This is a complete 200- 
300 page engineering description of the ship system charac- 
teristics and capabilities, and is written in engineering 
language [41]. Upon completion of preliminary design, the 
TLR/TLS documents are carefully reviewed and differences 
adjudicated. Both documents are signed by NAVSEC and OPNAV, 
thus forming a "contract" between the engineers and the 
operators. The effort expended in developing the TLR/TLS 
documents is cooperative in nature and specifically for the 
purpose of ensuring that the ship to be built is what the 
Operating Navy wants, as well as documenting operator par- 
ticipation in conceptual trade-off studies [18]. Extensive 
documentation of all trade-off studies is maintained, and 
systems engineering efforts are likewise extensive in the 
joint effort to provide the "best" ship design to meet the 
operator's needs. Virtually all “what-if" questions are 
explored and the results documented to aid future review of 
the process followed in selecting the ship characteristics. 

After the TLR/TLS documents are signed, the design 
proceeds into the contract design phase, which also differs 
substantially from the conventional design process in that 
ship designers are "farmed-in" from a designated lead ship- 
builder and an alternate lead shipbuilder as advisory par- 


ticipants in the contract design phase. The purpose of 
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shipbuilder participation is to enhance producibility and 
reduce acquisition cost. The completion of contract design 
is followed by award of a contract for building the lead 
ship, with the detail design being performed by the lead 
shipbuilder or his design agent. Detail design work is done 
under a contract separate from the shipbuilding contract. 
The detail design and construction experience gained during 
lead-ship construction is then "fed-back" to NAVSEC and 
incorporated in the follow-ship contract design. 

A design management team of six to eleven personnel 
are dedicated full time to the design effort from initiation 
of conceptual design through completion of contract design 
in order to provide continuity from one design phase into 
the next phase, and to facilitate the close control neces- 
Sitated by "Design to Cost" constraints. Design optimiza- 
tion is based primarily on minimum acquisition cost. Life 
cycle costs are given due consideration when future costs 
can be predicted with confidence. 

Control of technical risk is provided by detailed 
plans for ship test and evaluation (T&E) in parallel with 
the design effort [44]. The objective is to apply the "Fly 
Before Buy" concept to the extent feasible in ship acquisi- 
tion. High risk subsystems are identified, and detailed 
plans for testing and evaluating those high risk items are 
developed. For example, the FFG7 design included plans for 


land based test facilities for the combat subsystem and 
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propulsion subsystem. Land based tests are conducted while 
the lead ship is under detail design and construction. 

Design elements involving crew training, maintenance 
Support concepts and facilities, and spare parts support are 
also developed in parallel with the ship design under the 
present approach. This effort is termed Integrated 
Logistics Support (ILS), and is described more fully in 
references [15, 33, 34, 44]. 

The products of each design phase are the results of 
extensive trade-off studies and systems engineering efforts. 
The resulting design is better documented, more thoroughly 
studied, and more producible than under the conventional 
approach. High risk subsystems are identified and tested 
before proceeding with follow ship construction. Logistic 


Support is addressed early in the ship system design process. 


Concept Formulation/Contract Definition (CF/CD) Approach 


A new way of producing ship system designs was intro- 
duced in the mid-1960's along with the Total Package Pro- 
curement (TPP) concept. The method is called Concept 
Formulation/Contract Definition (CF/CD) [l, 3l, 48, 49, 50, 
52]. "In-house" Navy studies during the concept formulation 
phase identify the basic performance characteristics to be 
provided by the ship. At first glance this seems similar to 
the concept design phase of the conventional ship design 
process; however, this is not the case. Concept formulation 


is concerned with identifying and describing the performance 
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requirements as opposed to describing a ship system that 
will meet OPNAV specified requirements. The concept formu- 
lation output provides some basic guidance as to what type 
of ship is desired; however, the guidance is deliberately 
minimized in order to allow competing contractors the widest 
possible latitude in producing a design to meet the require- 
ments. 

The most significant difference from conventional 
concept studies is extensive application of systems analysis 
in defining the performance requirements to be met. Exist- 
ing design criteria are challenged and examined in depth 
before being accepted as valid. The optimization criteria 
is to maximize life cycle cost-effectiveness. 

The output of concept formulation is a Request for 
Proposals (RFP) for contractors interested in competing for 
the award of a TPP contract of large magnitude. The RFP is 
a request for contractors to present detailed plans for per- 
forming a complete ship system design based on the specified 
performance characteristics. The responses are prepared by 
the contractors at no cost to the government and are evalu- 
ated by the Navy. Two or more contractors are then awarded 
fixed price contracts to develop the contract definition; a 
complete shipbuilding proposal including contract plans and 
specifications, detailed construction plans, and a complete 
analysis of life cycle cost. 

Each contract definition output is evaluated by the 


Navy on the basis of technical excellence, planning, and 


* 
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costs. The most cost-effective proposal becomes the basis 
of a TPP contract after incorporation of particularly 
attractive portions of the other proposals. 

The products of the CF/CD concept formulation phase 
were roughly equivalent to the feasibility studies products 
shown in Figure 3. The contract definition phase B-1 prod- 
ucts were roughly equivalent to the conceptual design prod- 
ucts shown in Figure 3. The contract definition phase B-2 
products were roughly equivalent to the preliminary design 
products shown in Figure 3. The contract definition phase 
C products were roughly equivalent to the contract design 
products shown in Figure 3. 

The “Objectives” and "Process" columns shown in 
Figure 3 are somewhat different for the CF/CD approach, but 
the products and design tasks performed are essentially the 
same for CF/CD as those shown in Figure 3 in the "Products" 


column. 


"Conventional" Naval Ship System Design Approach 


The approach taken in conventional ship design varied 
from design to design, depending on the similarity between 
the ship under consideration and existing ships. If the new 
ship was to be an evolutionary development of an existing 
type, it was frequently possible to improve and update a 
"parent design," thereby reducing significantly the design 
effort required. On the other hand, a revolutionary or rad- 
ically different ship type might require an extensive 


research and development effort. 
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The principal objective of conventional conceptual 
design was to determine the range of feasible alternatives, 
to conduct gross characteristics trade-off studies, and to 
select the optimum alternative. The gross characteristics 
such as length, beam, draft, and power, were established in 
conceptual design. Principal weapons and sensors, number of 
propellors, type of propulsion and required speed, and crew 
size were usually specified by OPNAV. 

Many of the operations performed in the conventional 
conceptual design phase were redone in the conventional pre- 
liminary design phase, but in greater detail and with better 
information. Areas not considered in the conceptual design 
phase were examined. Particular attention was given to the 
problems of area and volumetric adequacy, and ship arrange- 
ments, which were given only a rough check in the conceptual 
design phase. With the development of hull lines, ship 
model tests were initiated for more accurate determination 
of the speed-power, maneuvering, and seakeeping characteris- 
tics of the design. The end products of the preliminary 
design usually included: [37] 

1. General arrangement plans. 

2. Lines and body plan. 

3. Appendage plan. 

4. Hydrostatic curves. 

5. Midship section and special structural plans. 


6. Weight, VCG and LCG estimates, tankage, etc. 
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7. Speed-power estimate, propellor performance, 

and model test results. 

8. Stability estimates, both intact and damaged. 

9. Protection plans, including ballistic, under- 

water, nuclear, and shock and blast protec- 
tion. 
The emphasis of conventional preliminary design was to pro- 
vide a complete engineering description of the ship. 

The conventional contract design phase followed pre- 
liminary design and carried the design through another com- 
plete cycle of even greater detail and finer definition. 
Detailed shipbuilding specifications were prepared, and as 
Many as a hundred contract drawings and contract guidance 
plans would be produced. The emphasis was to produce a 
"biddable package," i.e., enough detail to allow prospective 
building contractors to prepare accurate bids. However, 
compared to CF/CD or the present approach to designing ships, 
the conventional approach was a lower level of effort, pro- 
duced entirely "in-house" by NAVSEC designers. 

The conventional conceptual design phase essentially 
combined the feasibility studies and conceptual design 
phases shown in Figure 3. The conventional conceptual 
design approach did not include the draft TLR or TLS section 
two shown in the "Products" column of Figure 3. Also, the 
dedicated management team concept was not used with the con- 


ventional ship system design approach. 
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The conventional preliminary design phase was similar 
to the present approach, but the following products, shown 
in Figure 3 for preliminary design under the present 
approach were not included: 

TLS 

Planning Documents 

ILS Plan 

Combat System Management Plan 

Land Based Test Site Management Plan 

T&E Master Plan 

RMA Analysis 
Also, the manning requirements, noise evaluation, and shock 
(ship protection) requirements did not receive the level of 
attention provided by the present approach. 

The conventional contract design phase included the 
Same products as those shown in Figure 3 for the present 
approach, with the exception of the planning documents for 
detail design and construction. Under the conventional 
approach to Naval ship system design these planning docu- 
ments were prepared outside the design group, and the cost 
of preparing detail design and construction plans was not 
considered a design cost. Also, backup analytical studies 
were not as extensive under the conventional approach, as 


compared to the present approach. 
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Comparison of Approaches to Naval Ship System Design 


Extensive application of systems analysis techniques, 
team management, ILS, T&E, RMA, and thorough documentation 
of results was not employed in conventional ship system 
design. In general, the ships were "optimized" to a speci- 
fied level of performance. Cost was an important but not 
overriding consideration. The results were certainly ade- 
quate but hardly "optimal" according to a systems analysis 
definition. Advancing technology, increasing complexity of 
combatant ships, and the development of systems analysis 
techniques provided both the impetus for, and method of, 
developing a more thorough and more rigorous approach to 
Naval ship system design. 

The introduction of "Design to Cost” and "Fly Before 
Buy" acquisition strategies have resulted in some features 
of the present design approach that were not part of conven- 
tional or CF/CD approaches. The TLR/TLS procedure and 
detail design feedback into the follow-ship contract design 
are examples of new features. 

Design tasks included in the present and/or CF/CD 
approaches, but not included in the conventional approach 
include: 

1. Dedicated design management team. 

2. ILS planning. 

3. RMA tasks. 


4, T&E Planning. 
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5. TLR/TLS development. 

6. Systems analysis. 

Other design tasks that today receive much greater 
attention than under the conventional approach include: 

1. Ship manning analysis. 

2. Noise analysis. 

3. Cost analysis. 

These three tasks, together with RMA and systems anal- 
ysis tasks comprise the bulk of the "systems engineering" 
effort expended in the present ship system design approach. 

All of the design tasks performed in conventional 
ship system design are also performed under the CF/CD and 
present approaches; therefore, the design tasks associated 
with the conventional approach will be used as a baseline 
defining those design tasks common to all three approaches. 
Dedicated team management, ILS and T&E Planning, TLR/TLS 
development, and "systems engineering" tasks were not includ- 
ed in the conventional ship system design approach; there- 
fore, the cost of performing these tasks will be deleted 
from the total ship system design cost of the present and 
CF/CD approaches in order to place all three approaches on 


a common cost basis. 


Summary and Conclusions 


Three different approaches to Naval ship system 
design have been reviewed. The design tasks common to all 


three approaches have been identified as those design tasks 
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performed under the conventional approach. The design tasks 
performed under the conventional approach have been estab- 
lished as a baseline for comparison of ship system designs 
produced by different design approaches. 

The baseline design tasks are the hard-core engineer- 
ing effort, that is, the part of design effort that contrib- 
utes to the technical accuracy of contract plans and speci- 
fications. The non-conventional design tasks not included 
in the baseline tasks may have a very large pay-off in 
terms of optimizing the gross characteristics of the ship, 
reducing life cycle costs, and ensuring smooth introduction 
into the operating fleet; however, the nature of these non- 
conventional tasks clearly indicates that non-conventional 
design tasks do not significantly improve the technical 
accuracy, clarity, or consistency of the contract plans and 
specifications. 

The effectiveness of the hard core engineering effort 
(conventional design tasks) can be measured by the cost of 
contract changes caused by deficiencies in contract plans 
and specifications. This thesis will not attempt to measure 
the effectiveness of non-conventional design tasks. 

Chapter III will present the cost of producing sev- 
eral Naval ship system designs. The cost of non-conventional 
design tasks, corrected for inflation, will be compared. 
Chapter IV will present the cost of contract changes caused 
by design deficiencies. The cost of contract changes caused 


by design deficiencies will be compared to the cost of 





producing the design as a measure of Naval ship system 


design cost-effectiveness. 


39 





40 


CHAPTER III 


COST OF NAVAL SHIP SYSTEM DESIGN 


Introduction 

This chapter of the thesis will present the cost of 
ship system design for several classes of Naval ships. The 
cost of non-conventional design tasks will be segregated 
from the total ship system design costs. The cost of the 
conventional ship system design tasks will be adjusted to 
constant Fiscal Year 1976 dollars by applying a cost index 
based on the cost per man day of design effort. 

The acquisition cost of the lead ship of each class 
will be presented, along with the average acquisition cost 
per ship for each class. The acquisition cost will be 
adjusted to constant Fiscal Year 1976 dollars by applying a 
shipbuilding cost index developed from material and labor 
cost indices. 

The cost of the conventional ship system design tasks 
will be expressed as a percentage of ship acquisition cost 
for each ship class in order to take into account differences 
in ship system complexity. Ship system acquisition cost is 
proportional to ship system complexity, and ship system 
design cost is proportional to ship system complexity for 


constant design effectiveness. By expressing ship system 
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design costs in percent of ship system acquisition cost, the 
effect of ship system complexity is taken into account for 
a given type of ship. Combatant and non-combatant ships 


will be treated as disparate types. 


Cost of Naval Ship System Design 


The cost of developing a set of contract plans and 
specifications for a Naval ship is influenced by the effi- 
ciency of the design effort, by the complexity of the design, 
and by the completeness of the design [17]. Efficiency, 
complexity, and completeness can be further subdivided as 
shown in Figure 4. 

The efficiency of the design effort is a measure of 
the amount of work done that is actually incorporated in 
the final plans and specifications in proportion to the 
total effort. Design rework due to changes in externally 
imposed constraints or requirements is an example of inef- 
ficient design work. This thesis will not attempt to meas- 
ure the efficiency of design effort; however, some allow- 
ance will be made for obvious duplication of design effort. 
It is recognized that efficiency differences will introduce 
some data scatter, but the impact is believed to be small 
and within the range of error inherent in the data. 

The complexity of the design is taken into account 
by expressing design cost in percent of acquisition cost. 
It has been stated that both design cost and acquisition 


cost are proportional to ship system complexity. At first 
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glance this appears to be a statement of an obvious truth, 
but note that nothing has been said about the factor of 
proportionality or the functional form relating cost to 
complexity. The words "taken into account" should not be 
interpreted to mean that the effect of ship system complex- 
ity has been eliminated. Expressing design cost in percent 
of acquisition cost is the author's method of making an 
allowance for differences in ship system complexity. Com- 
plete elimination of the effect of complexity is not claimed 
and should not be inferred. 

The effects of ship system complexity would be com- 
pletely eliminated by expressing design cost in percent of 
acquisition cost if and only if both design cost and acqui- 
sition cost are related to complexity by one of the func- 


tional forms: 


1. Cost ax 


X 


2. Cost aX 


3. Cost = rer or ap 

where X is complexity, a is a constant of proportionality, 

e is the natural log base, and 8 is a constant. The effects 
of complexity are not completely eliminated if cost and com- 
plexity are related by any other functional form, or if 
design cost and acquisition cost are related to complexity 
by different functional forms. Both design cost and acqui- 
sition cost must be related to complexity by the same func- 
tional form, and that form must be one of those listed 


above if the effect of ship system complexity is to be 
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completely eliminated by expressing design cost as a per- 
cent of acquisition cost. The functional relationship 
between cost and complexity is not known; therefore, the 
act of expressing design cost in percent of acquisition 
cost 1s merely a method of making an allowance for the 
effect of ship system complexity. 

The effect of software complexity is eliminated by 
determining the cost of software, and deleting that cost. 
Software includes technical documentation and reports of 
Supporting studies, planning documents, design histories, 
data collection, and computer programs. The elements in- 
cluded in software complexity are non-conventional design 
tasks and are, therefore, not included in the cost of the 
conventional elements of ship system design. 

The completeness of the design is the principle fac- 
tor being investigated in this thesis. The completeness of 
the design effort in terms of the number of alternatives 
considered, the level of detail of the design studies, and 
the number and type of products resulting from the design 
effort, is the principle factor affecting the cost of the 
conventional elements (hard-core engineering tasks) of the 
ship system design. The quality of the contract plans and 
specifications is dependent primarily on the completeness 
of the design effort. The cost of contract changes caused 
by deficiencies in the contract plans and specifications 
will be used to measure the effectiveness of the design 


effort. 
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The cost of developing the contract plans and speci- 
fications for different classes of Naval ships has been 
strongly affected by inflation. The historical cost per 
man-day of design labor is shown in Figure 5, and has been 
used to develop the labor cost index shown in Table l. The 
labor cost index in Table 1 is applied to the actual "then- 
year" ship system design costs in order to express the 
design cost in constant Fiscal Year 1976 dollars. 

The actual cost of developing the contract plans and 
specifications for twelve classes of Naval ships has been 
taken from references [2, 4, 29, 38, 39, 46]. The actual 
ship system design cost, the ship system design year, the 
design labor cost index, and the ship system design cost in 
constant Fiscal Year 1976 dollars are shown in Table 2. 

The question of design efficiency is brought out 
again in Table 2 in the case of the FF1052 design, and the 
DD963 design. The FF1052 design was actually completed to 
the point of having a Request for Proposals (RFP) issued to 
prospective ship builders. The original design had provided 
for pressure-fired boilers. Technical difficulties were 
being experienced with pressure-fired boilers at that time, 
and a decision was made to recall the RFP and rework the 
design to incorporate conventional boilers. The records are 
not detailed enough to determine accurately the impact of 
this decision on the design cost, hence, the cost spread 


shown in Table 2. 
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Figure 5. Historical Cost Per Man Day of Ship System Design 


Labor at Naval Ship Engineering Center [30, 38]. 
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Table 1. Naval Ship Engineering Center Labor Index, 1960- 
1976 [30, 38]. 


Fiscal Ship System Design Labor 
Year Index to Fiscal Year 1976 
1960 Beco 
1961 B02 
1962 2.83 
1963 2255 
1964 2.38 
1965 Pane ik 
1966 Zo 
1967 2.10 
1968 2.06 
1969 y2o9 
1970 1593 
1971 aod 
1972 Ee 
1973 1.36 
1974 1.13 
1975 1506 
1976 1.00 


; FY76 cost per man-da 
Labor Index to FY76 1S then-year cost per man-day 
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Table 2. Naval Ship System Design Costs in Millions of 
Dollars [4, 29, 38, 39, 46]. 


Ship Ship System 

System Ship Design Cost 

Design System Labor Index in FY76 
Ship Cost Design To FY76 Dollars 
Class $ Millions Fiscal Year Dollars $ Millions 
CG26 4.2 1961 3.0 12 .6 
FF1052° 1.0-3.0 1964 2.4 ae iy: 
CGN36 ae 1967 2d 11.6 
pp963” 22.0 1970 1.9 41.8 
CGN38 20.4 1970 1.9 38 .8 
FFG7 9.9 £73 1.4 13.29 
AO177 4.7 1975 eel Dee 
SCS OFS 1974 iL 10.5 
AE 26 0.4 1963 2.6 130 
LSD37 0.8 1964 2.4 19 
LKA113 0.8 1965 22 ae: 
AOR1 0.7 1965 Ds oP io 


Notes: a. Insufficient data for more accurate determina- 
tion. 


b. One contractor plus one-third of Navy review 
costs plus $10 million spent on system design 
after contract award. Source: Deputy Project 
Manager and former Technical Director for DD963 
Acquisition Program [2]. 
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The DD963 design was completed under the CF/CD 
approach. Three contractors competed during the CD phase, 
and the Navy reviewed the work of all three contractors. 
The actual amount spent by the contractors is unknown. In 
addition to these uncertainties, the ship system design 
effort continued for nearly a year after the CD phase was 
completed and the contract for construction was awarded. 
Rather than allow such obvious distortion of cost data, the 
author has estimated the DD963 ship system design cost. The 
estimate consists of the amount actually paid to one con- 
tractor (all three contractors were paid the same amount), 
plus one-third of the Navy review costs, plus an estimated 
$10 million spent on ship system design after construction 
contract award. These estimates are based on a conversa- 
tion with the Deputy Project Manager (formerly Technical 
Director) of the DD963 acquisition program [2]. 

The remaining cost information presented in Table 2 
is believed accurate within + 10 percent for designs pro- 
duced prior to 1970, and accurate within two or three per- 


cent for designs produced since 1970. 


Cost of Non-Conventional Elements of 


Naval S 1p system Design 


The cost of the non-conventional elements of Naval 
ship system design must be separated from the total ship 
system design cost shown in Table 2 in order to place all 
the ship classes on a common design cost basis. The non- 


conventional elements of ship system design are: 
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1. DeSign management. 

2. TLR/TLS development. 

3. T&E planning. 

4. ILS planning. 

5. Systems Engineering. 

6. Weapons and software development. 

Thus, the elements of ship system design listed in 
the Figure 3 products column, and not listed above, are the 
conventional elements of Naval ship system design. 

The cost of the non-conventional design elements are 
shown in Tables 3 through 6 for ship designs produced under 
the present and CF/CD approaches. These costs have been 
taken from references [4, 29, 39, 46]. Table 7 summarizes 
the non-conventional design costs. Table 7 shows that 50 
to 59 percent of total ship system design cost is spent for 
non-conventional elements in combatant ship system design, 
and 28 to 30 percent of total ship system design cost is 
spent for non-conventional elements in non-combatant ship 
system design. 

Cost of Conventional Elements of 
"Naval Ship System Design 

The ship system design cost remaining after deletion 
of the cost of non-conventional design elements is, by def- 
inition, the cost of the conventional elements of ship 
system design. The cost of the conventional elements of 
ship system design is shown in Table 8 for twelve classes 


of Naval ships. The design year, design labor cost index, 
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and cost in constant Fiscal Year 1976 dollars are also 
shown in Table 8. 

The cost of DD963 conventional elements of ship 
system design could not be determined from the records 
available. The cost shown in Table 8 for DD963 is an esti- 
mate based on CGN38 non-conventional cost ratio (60 percent 
non-conventional). The total cost of DD963 ship system 
design was also an estimate, hence the cost of the conven- 
tional elements of DD963 ship system design shown in Table 8 
is the result of two sequential estimates and should be 
viewed with considerable skepticism. The cost data for the 
sea control ship design was not detailed enough to break 
conceptual and preliminary design costs into conventional 
and non-conventional elements. The non-conventional ele- 
ments were estimated at 30 percent of the total ship system 
design cost, based on SCS contract design cost ratio (c.f. 
Table 5) and AO177 preliminary and contract design cost 
ratios (c.f. Table 6). 

Ship acquisition cost has been strongly influenced by 
inflation in recent years. The inflation rate for ship- 
building is not the same as the inflation rate for design 
labor. Also, the period of time over which inflation acts 
is not the same for ship system design as for ship construc- 
tion; therefore, a shipbuilding cost index separate from 
design labor cost index is required in order to show ship 


acquisition cost in constant Fiscal Year 1976 dollars. 
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Two types of shipbuilding cost indices are maintained 
by the Naval Sea Systems Command. The first type is used 
for calculating payments to shipbuilders under the economic 
escalation clause in the shipbuilding contract. This cost 
index is based on Bureau of Labor Statistics (BLS) cost 
indices for shipbuilding material and shipbuilding labor. 
The BLS indices are equally weighted. It is generally 
recognized by the Navy and contractors alike that the result- 
ing "BLS 50-50 cost index" does not fully account for the 
cost increases experienced for Naval ship construction. The 
BLS indices are used for computing escalation payments pri- 
marily because the indices are maintained by a disinterested 
party, and not because the index is the most accurate reflec- 
tion of Naval shipbuilding costs available. The BLS ship- 
building material index does not fully account for the cost 
increases experienced in Naval ship construction materials. 
Furthermore, the shipbuilder's overhead and profit are not 
taken into account at all in computing the BLS 50-50 index 
[5}. 

The NAVSEA cost estimating group maintains a separate 
shipbuilding cost index for cost estimating purposes. The 
index used for cost estimating purposes includes the full 
impact of Naval ship material costs, shipbuilder overhead 
and profit, and the estimated impact of economic and ship- 
building marketing factors. The index used for cost esti- 
mating purposes more accurately accounts for all the factors 


influencing the cost of Naval ships; unfortunately, the 
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index 1s considered sensitive and cannot be published in an 
unclassified paper [5]. The solution to this dilemma is a 
compromise cost index based on the NAVSEA material cost 
index and the BLS labor index, equally weighted. The result- 
ing cost index, shown in Table 9, is better than the BLS 50- 
50 index, but not nearly as good as the NAVSEA cost estimat- 
ing index. 

Ship acquisition cost extracted from [40] is shown 
in Table 10 for twelve classes of Naval ships, along with 
the shipbuilding year, and the ship acquisition cost in con- 
stant Fiscal Year 1976 dollars. The data in Table 10 show 
that the cost index in Table 9 does not fully account for 
inflation. Compare the cost of AOR-1 class ships in FY1976 
dollars ($74M) to the cost of AO177 class ships in FY1976 
dollars ($98M). The AOR-1 class ships are larger and more 
complex than AO177 class ships and certainly cannot be 
acquired for less than AO177 class ships in 1976. Also, 
CG26 class ships, shown at a cost of $140M in Table 10, can- 
not be built for less than DD963 class ships, shown at a 
cost of $179M in Table 10. It is apparent that the cost 
index being used does not fully account for inflation; how- 
ever, it is the best information publishable and will be 
used throughout this thesis. It will be shown that the 
results obtained in Chapter IV are sensitive to errors in 
the shipbuilding cost index, hence, the reader should keep 


in mind the shortcomings of the index being used. 
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Table 9. Shipbuilding Cost Index to Convert To Fiscal Year 
1976 Dollars Based on NAVSEA Material Index and 
Bureau of Labor Statistics Labor Index, Weighted 
Equally [5]. 


NAVSEA BLS Shipbuilding 
Shipbuilding Material Labor Cost Index 
Fiscal Year Index Index to FY76 
1964 3.18 2.01 2259 
1965 3.05 Lee y Pa tsya 
1966 2.90 1.92 2.41 
1967 2275 IGRI e) 2a2o 
1968 2.61 1.80 Asp apt 
1969 2.46 1.66 2.06 
1970 Za2e EBS, 1.94 
1971 2.09 Ik sie 1.81 
1972 1.86 1.45 1.66 
1973 1.62 1.38 1.50 
1974 1.41 OAS T3233 
1975 1.20 ees disy 
1976 1.00 1.00 IEA CHG 
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The cost of ship system design, and the ship acqui- 
Sition cost have been presented, and correction has been 
made for inflationary effects. The cost of the conventional 
elements of ship system design is shown as a percent of lead 
ship acquisition cost and average ship acquisition cost in 
Table 11. The historical trend of the cost of conventional 
elements of ship system design is shown in Figure 6 through 
1 

The Sea Control Ship (SCS) is classified by the Navy 
aS a combatant ship. The SCS has a combatant mission; how-- 
ever, the ship 1s more similar to a non-combatant ship from 
the viewpoint of the ship system designer. This author has 
classified the SCS as a non-combatant ship for the purpose 
of ship system design based on the austerity and simplicity 
of the SCS platform, compared to frigates, cruisers, destroy- 
ers and attack aircraft carriers. 

In general, the cost of the conventional elements of 
ship system design has been smaller for non-combatant ships 
than for combatant ships. This is true both in absolute 
dollars and in percent of acquisition cost. 

Examination of Figures 6 through 1l reveals some 
interesting historical trends. Figures 6 and 7 show that 
the total cost of ship system design, in percent of acquisi- 
tion cost, has been increasing. The trend in Figure 6 is 
very clear in the case of non-combatant ships. Figure 7 dis- 
plays considerable variation in the total cost of combatant 


ship system design, but the trend is clearly increasing. 
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Table ll. Cost of Conventional Elements of Naval Ship System 


Design as a Percentage of Ship Acquisition Cost. 


Design* Percent of Design* Percent of 


Ship Class Lead Ship Acq. Cost Average Ship Acq. Cost 


CG26 


CGN36 


CGN38 


FF1052 


FFG7 


DDI63 


LSD37 


LKA1L13 


AE26 


AORI1 


AOQ177 


SCS 


Notes: 


7.4 9.0 
3.4 3.6 
4.7 4.9 
1.8-5.4 4.6-13.8 
2.4 6.3 
8.3 on 
570 a0 
2.6 Bee 
Ike IG 
240) 2.4 
2.6 3.8 
249 4.3 


Design* is the Conventional elements of Naval ship 
system design. 


All costs converted to 1976 Dollars before express- 
ing design* cost in percent of ship acquisition 
cost. 
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SHIP SYSTEM DESIGN FISCAL YEAR 


Figure 6. Historical Trend of Total Cost of Naval Ship 
System Design in Percent of Average Ship 
Acquisition Cost for Non-Combatant Ships. 





TOTAL COST OF NAVAL SHIP SYSTEM DESIGN IN 
PERCENT OF AVERAGE SHIP ACQUISITION COST 


Figure 7. 
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Historical Trend of Total Cost of Naval Ship 
System Design in Percent of Average Ship 
Acquisition Cost for Combatant Ships. 
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The data point for DD963 shown in Figure 7 has been ignored 
in drawing the trend line due to the sequential estimating 
procedure used to obtain the data point. 

The total cost of ship system design shows an increas- 
ing percentage of ship acquisition cost. Figures 8 and 9 
show that the cost of the conventional elements of ship 
system design also displays a trend of increasing percentage 
of ship acquisition costs for non-combatant ships. The 
trend 1S more pronounced in Figure 9, where ship system 
design cost is shown in percent of average ship acquisition 
cost as opposed to lead ship acquisition cost. 

Figures 10 and 11 show that the cost of the conven- 
tional elements of ship system design displays considerable 
scatter in percentage of combatant ship acquisition cost. 

It should be noted that the FFG7 data point shown in Figure 
ll is an estimate based on a 50 ship program. Recent actions 
by Congressional Committees indicate that the FFG program may 
be cut severely, which would result in a higher average ship 
cost and lower percentage spent for hard-core engineering 
tasks. 

The trends shown in Figures 6 through 9 are in the 
direction recommended by the SCN Pricing and Cost Control 
Study and by the Navy Marine Acquisition Review Committee. 
The scatter shown in Figures 10 and 11 do not display any 


clear trend. 
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Figure 8. 
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Historical Trend of Cost of Conventional Elements 
of Naval Ship System Design in Percent of Lead 
Ship Acquisition Cost for Non-Combatant Ships. 
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Figure 9. 
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Historical Trend of Cost of Conventional Elements 
of Naval Ship System Design in Percent of Average 
Ship Acquisition Cost for Non-Combatant Ships. 





DESIGNTIN PERCENT Op 24 DSi sc 6UlomlONreos | 


COST OF CONVENTIONAL ELEMENTS OF SHIP SYSTEM 


Figure 10. 
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summary and Conclusions 


The cost of ship system design has been presented for 
twelve classes of Naval ships. The cost of non-conventional 
design tasks has been separated, and the remaining cost (cost 
of conventional design tasks) has been adjusted for infla- 
tion. Non-conventional design tasks such as design manage- 
ment, TLR/TLS development, T&E, and ILS planning, systems 
engineering, and weapons and software development amount to 
50 to 59 percent of the total design cost for combatant 
ships and 28 to 30 percent for non-combatant ships. 

The ship acquisition cost was presented for the same 
twelve classes of Naval ships. The acquisition cost was 
adjusted for inflationary effects. The shipbuilding cost 
index used is imperfect but is based on the best data pub- 
lishable. 

The cost of the conventional elements of ship system 
design was expressed in percent of ship acquisition cost. 
The historical trends reveal an increasing percentage of 
ship acquisition cost is being expended on the conventional 
elements of ship system design for non-combatant ships. The 
data scatter does not reveal any clear trend for combatant 
ships. 

Chapter IV will present the cost of contract changes 
caused by deficiencies in the contract plans and specifica- 
tions. The cost of changes will be adjusted for inflation 
and expressed in percent of ship acquisition cost. The cost 


of changes caused by design deficiencies will be compared to 
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the cost of producing the design as a measure of ship system 


design cost-effectiveness. 
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CHAPTER IV 


EFFECTIVENESS OF NAVAL SHIP SYSTEM DESIGN 


Introduction 

This chapter of the thesis will present the cost of 
contract changes caused by ship system design deficiencies. 
The cost of contract changes will be adjusted for inflation- 
ary effects by applying the shipbuilding cost index from the 
midpoint of ship construction to mid-1976. 

The cost of changes caused by design deficiencies, in 
constant fiscal year 1976 dollars, will then be expressed in 
percent of lead ship and average ship acquisition cost in 
order to take into account differences in ship system com- 
plexity. The cost of changes caused by ship system design 
deficiencies is proportional to ship system complexity for 
a constant level of design effectiveness, and ship system 
acquisition cost is also proportional to ship system complex- 
ity. The effect of ship system complexity is taken into 
account by expressing the cost of changes caused by design 
deficiencies in percent of ship system acquisition cost. 
Combatant and non-combatant ships will be treated as dis- 


parate types. 
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Measure of Naval Ship System Design Effectiveness 


The conventional elements of Naval ship system design 
defined in Chapter II are hard-core engineering tasks. The 
conventional elements of design are responsible for the 
technical accuracy of the contract plans and specifications. 
The non-conventional elements do not contribute toward 
improving the technical accuracy, consistency, completeness, 
or clarity of the contract plans and specifications; how- 
ever, the non-conventional elements may have a very large 
payoff in terms of ship system performance, reduced life 
cycle costs, and smoother introduction of the new ship into 
the fleet. The effectiveness of non-conventional elements 
of Naval ship system design will not be determined in this 
thesis. 

The effectiveness of the effort expended on the con- 
ventional elements of Naval ship system design will be meas- 
ured by the cost of contract changes caused by deficiencies 
in the contract plans and specifications. The recommenda- 
tions of the SCN Pricing and Cost Control Study, the find- 
ings of Meiners, and the NMARC recommendation to continue 
increasing the scope of effort going into preparation of 
contract plans and specifications imply that more design 
effort should result in fewer and less costly changes 
caused by deficiencies in the contract plans and specifica- 
tions. It is primarily due to these recommendations that 
the author has chosen the cost of contract changes caused by 


design deficiencies as a measure of ship system design 
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effectiveness, rather than some unquantifiable attribute 
such as performance or a less meaningful measure such as 
number of pages of specifications, number of plans, or 
number of mistakes in the plans and specifications. 

Chapter III presented data on the level of effort 
expended on the conventional elements (hard-core engineering 
tasks) in preparation of contract plans and specifications. 
It was shown that the historical level of effort has varied 
considerably among Naval ship system designs. It was fur- 
ther shown that, although the total level of design effort 
has been increasing, the level of effort expended on hard- 
core engineering tasks has been too erratic to draw any con- 
clusion for combatant ships. This chapter will show that 
the effect of variations in the level of hard-core engineer- 
ing effort is clearly evident in the amount of money spent 
on contract changes caused by deficiencies in the contract 


plans and specifications. 


Causes of Contract Changes 


Deficiencies in contract plans and specifications is 
only one cause of contract changes, there are many other 
Causes. Meiners reported that the more significant causes, 
in order of impact on cost growth, include: 

1. Change in operational requirements. 

2. Incomplete plans and specifications at time 


of contract award. 
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3. Changes in program direction/funding other 

than change in quantity. 

4. Change to incorporate newly achieved state- 

of-the-art. 

2. Research and development performed in pro- 

duction contracts. 

This author has broadened the definition of cause 
number two above. Viewed from the standpoint of the ship 
system designer, the contract plans and specifications are 
deficient if they are incomplete, inconsistent, in error, 
unclear, insufficient in level of detail of system/subsystem 
definition, insufficient in level of detail of system/ 
subsystem interface definition, or inadequate in terms of 
weight and space allocation for detail design development. 
Any contract change caused by one or more of these condi- 


tions is classified as a "Design Deficiency" in this thesis. 


Implementation of Contract Changes 


Contract changes are implemented by a Headquarters 
Modification Request (HMR) or by a Field Modification 
Request (FMR). Changes implemented by HMR tend to be fewer 
in number, but more expensive than changes implemented by 
FMR. A change caused by a design deficiency may be imple- 
mented by either HMR or FMR, depending on the nature and 


cost of the change. 
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Method of Collecting Design Deficiency Data 


The HMR and FMR are contractual documents. The cause 
underlying the HMR or FMR is not always indicated by the 
contractual document, and classification of the HMR/FMR on 
the basis of title alone is often misleading and inaccurate. 
The technical documentation supporting the HMR/FMR must be 
reviewed in order to accurately classify the change accord- 
ing to the underlying cause. Fortunately, it is a general 
practice to file each HMR/FMR, supporting technical documen- 
tation, and pertinent correspondence together in a single 
file folder. Had this not been the case, the research 
effort would have been beyond the scope of a thesis. 

The method of collecting design deficiency data con- 
Sisted of reviewing the file folder for each HMR/FMR and 
classifying the underlying cause on the basis of information 
contained in that folder. 

The time required for the research effort was reduced 
Significantly by several techniques. These included the 
following: 

1. Any HMR/FMR that resulted in no change in 

price was ignored. 

2. Certain types of changes occur repeatedly, 
and can be identified on the basis of 
title alone. An example is "Repair GFE." 

3. The Engineering Change Proposal that ini- 
tiated the change was frequently included 


in the file folder, and contained the 
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"Reason for Change" in block 17 of the 
standard form used for Engineering 
Change Proposals. 

These three techniques allowed most HMR/FMR changes 
to be classified by underlying cause in a matter of a few 
minutes for each change. However, a significant number of 
changes required additional research, and some required the 
aid of personnel assigned to the ship acquisition project 
staff, before the cause of the change could be determined. 

With the HMR/FMR classified by underlying cause, the 
next step was to establish the change in price. When the 
change had resulted in a Priced Supplemental Agreement, the 
change in price was certain. In some cases the HMR/FMR had 
been issued as a unilateral change order by the Navy, with 
the price to be negotiated later "pursuant to the changes 
clause" of the contract. In these cases the Navy estimated 
cost of the change was used; the actual change in price is 
uncertain, but the estimate is based on the best information 
available. Changes resulting in a reduction in price were 
included in the data collected. A reduced price change 
reduces the cost of changes caused by design deficiencies. 
The cost of shipbuilder claims against the Navy have not 
been included in the data, with one exception. 

The shipbuilder generally will file a claim against 
the Navy if the shipbuilder's profit is in jeopardy, and 


will use every means at his disposal to improve his profit 
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position. The more common elements of a claim against the 
Navy include: 
1. Disruption and delay due to: 
a. Late or defective GFE. 
b. Late or defective GFI, other than con- 
tract plans and specifications. 
c. Technical direction by personnel 
other than the contracting officer 
(constructive change). 
2. Deficient contract plans and specifications. 
3. Any decision or act, or lack of a decision 
Or act, on the part of the Navy that has 
the effect of increasing the shipbuilder's 
costs. 

Claims against the Navy are usually settled by nego- 
tiation between shipbuilder and Navy attorneys. The settle- 
ment is frequently the result of an agreement between attor- 
neys and is based more on the practical aspects of arranging 
a quick and equitable settlement than on the technical merits 
of each separate issue. In fact, the final agreement fre- 
quently does not describe the technical issues, nor does it 
allocate an amount to each issue. In general, determination 
of the exact amount of a claim allocable to a specific defi- 
ciency in contract plans and specifications is impossible. 
Therefore, the cost of claims that are the result of defi- 
ciencies in contract plans and specifications is not included 


in the data with the following exception. 
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The AE26 class contract plans and specifications con- 
tained a very serious engineering error in that the speci- 
fied scantlings were insufficient. The Navy issued a uni- 
lateral mandatory change order to correct the deficiency. 
The shipbuilder refused to negotiate a price for that change, 
and ultimately included it as an element of a claim against 
the Navy. In this case the scantling deficiency change was 
settled as a separate claim item, and the cost allocable to 
that change was clear. This change was a glaring example of 
deficient design; the cost was clearly known, and the cost 
was so large (90 percent of total cost of design deficiency 
changes for the AE26) that it would be misleading to not 
include the claim cost in this case. It is an exception 
that the author feels necessary in order to present the true 
impact of deficient design in the AE26 class acquisition 
program. It is admittedly inconsistent to include the cost 
of only this claim, but the truth would suffer more if the 
cost of this particular claim were not included in determin- 
ing the cost of design deficiencies for the AE26 class. 

The effect of inflation was taken into account by 
applying the shipbuilding cost index from the maporne or 
ship construction to mid-1976. The effect of inflation had 
to be taken into account since the period of time over which 
inflation acts and the rate of inflation for change costs is 
different from the time period and inflation rate for ship 


system design costs. 
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Results 

The data collected for the lead ship of each class 
are shown in Table 12. The total cost of changes caused by 
design deficiencies is shown, along with the fiscal year of 
the midpoint of construction, the shipbuilding cost index, 
and the cost of design deficiency changes in constant Fiscal 
Year 1976 dollars. The cost of lead ship changes in percent 
of lead ship acquisition cost is also shown. 

The cost data for the CG26 class lead ship is based 
on incomplete data. The FMR records for this class were com- 
plete; however, 32 out of 281 file folders were missing from 
the HMR records. A total of 281 HMR changes were made; the 
file folders for HMR 169 through HMR 200 could not be loca- 
ted. The cost of changes caused by design deficiencies 
shown for CG26 must, therefore, be considered low. The 32 
missing file folders constitute 11l percent of the changes 
made by HMR. 

The costs shown in Table 12 for CGN36 are considered 
accurate and complete. The CGN38 data are accurate but not 
complete simply because the ship has not been delivered to 
the Navy; however, the ship construction is nearly complete; 
and the author considers it unlikely that any further changes 
will be made due to design deficiencies. 

The DD963 data are accurate and complete for the lead 
ship. It should be noted the ship system design for DD963 
was completed in June, 1971, nearly one year after award of 


the TPP contract for 30 ships. Fifteen significant changes 





82 





-eOT toads 


80° € 
CUS 
8T°€ 
TL°0 
SS°0 
EL. 0 
PI'T 
ea 


eee 


qJuacirsg 


uT ,ysabueuD 


dtus pee 


3SOD UOTATSTNboy 
dtus peat jo 


*SUOTR 


pue suetTd 3oez}Zu0d UT SaToOUaTOTJap Aq pasneds sabueyo yoer,UO0D are ,sabueuD 


0° 6 


0°T 


yS°c 


Is 0 


aoe 


LZ° 0 


L°e 


SS 


CCT 


JO 3805 


SUOTTTTWS 
SIVTTON 9LAA 
ut ,sebueys 


dtus peat 


jen Geel 


DU 


62°C 


Lemme 


TO°? 


yo°T 


ce’. 


Ds | 


6S°C 





xdput 
3809 
Hut pt tnuqdtys 


SL6T 


896T 


L96T 


896T 


896T 


OL6T 


VL6T 


CL6T 


VI6T 





TeSK TeOSTyY 
dtus peat 


le Maal 


0S°0 


1 Ge oe 


€Z°0 


9T° 0 


yT°0 


O8°Z 


OC" Ee 


L¥*O 


SUOTTTTWS 


xsobueyo 


dtus peat 


JO 3809 


°(8Z-02 ‘pI-9] SuoTzZeoTZTOaeds pue 
sueTd 359e813U0D UT SeToOUSTOTJaq Aq pasned sabueyd 2oerzQu0D dtus peat jo 4s0p 


aC U 


todd 


Tadow 


OCaWv 


ECTTVAT 


Least 


€96q0dq 


8ENDO 


9ENDO 


9Z90 


SSPTD 


dtus 


STIeL 





83 


were made during the year between contract award and com- 
pletion of ship system design, including six changes result- 
ing in a significant decrease in ship cost. The data shown 
in Table 12 do not include the cost (Unereaced or decreased) 
of any changes made prior to June, 1971, because the ship 
system design was not considered complete until June, 1971. 

The data shown in Table 12 for LSD37, LKA113, AE26, 
and AOR] are reasonably complete and accurate. Note that 
90 percent ($1.0M) of the cost of lead ship changes for AE26 
1s due to a claim caused by a mandatory change order issued 
to correct deficient scantlings. 

The data for FFG7 are preliminary and should be con- 
sidered a lower bound since the ship will not be delivered 
until mid-1977. Significant growth in the cost of changes 
caused by design deficiencies is not anticipated; however, 
some additional growth will undoubtedly occur. 

The change records for the FF1052 acquisition program 
were only partially available. The data that could be 
obtained was so distorted by special deferred work cost 
accounts, claims, and multiple shipbuilders, that the author 
was unable to use it; hence, the FF1052 acquisition program 
is not included in this chapter. It is estimated that a 
minimum of six man-months of effort would be required to 
collect the FF1052 data, and sort out all the distorting 
influences [47]. 

The data in Table 12 together with the data in Table 


11 are plotted in Figure 12. The data points are boxed with 
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Figure 12. 
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COST OF LEAD SHIP CHANGES CAUSED BY 
SHIP SYSTEM DESIGN DEFICIENCIES IN 
PERCENT OF LEAD SHIP ACQUISITION 
COST 


Naval Ship System Design Cost-Effectiveness 
Function for Lead Ship or Single Ship Buy. 
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the author's estimate of probable error in repeatability of 
the data by a different researcher. The boxed data points 
Show the cost effectiveness function, along with the proba- 
ble error band in a manner similar to the design "lanes" 
used by a ship system designer for tentative selection of 
hull form coefficients. 

It is clear from Figure 12 that increasing the level 
of effort expended on hard-core engineering tasks reduces 
the cost of changes caused by design deficiencies; however, 
the payoff of increased effort exhibits decreasing marginal 
returns as the level of effort is increased. The payoff for 
combatant ships decreases rapidly as the level of effort 
exceeds 3 1/2 percent of lead ship acquisition cost. The 
payoff of increased design effort is approximately a con- 
stant ratio of 1.5 units reduction in changes cost for each 
additional unit spent on hard-core engineering at levels 
of effort below about 3 1/2 percent of lead ship acquisition 
cost. 

It should be noted that the very small cost of changes 
due to design deficiencies shown for DD963 may be the result 
of the TPP contracting strategy rather than due to extreme 
excellence of the design. The shipbuilder is responsible 
for correcting design deficiencies at no cost to the Navy, 
except in cases of dispute over the existence of a design 
deficiency. In some cases, the Navy may judge the design 
deficient, and want a design change, while the shipbuilder 


may judge the design to be fully adequate. In these cases 
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the Navy must pay to have a design change implemented. The 
error box for the DD963 has been extended to the right to 
reflect the uncertainty about this point. Also, recall that 
the DD963 design cost is based on estimated data. 

The payoff of increased design effort is also appar- 
ent for non-combatant ships, but the level at which the pay- 
off starts decreasing is not as clear simply because no data 
points exist at high enough levels of design effort. The 
payoff must decrease as the level of effort is increased 
above three percent of lead ship acquisition cost, but the 
exact break-point in the curve is not clear. The payoff 
appears to be approximately a constant ratio of 1.5 units 
reduction in changes cost for each additional unit spent on 
hard-core engineering at levels of effort below about 2 1/4 
percent of lead ship acquisition cost. 

The optimum level of design effort is at the point 
where the slope of the cost effectiveness function is 
minus one. It is at this point that the last unit spent on 
design reduces the cost of changes caused by design defi- 
ciencies by exactly one unit. Spending more on design will 
result in a reduction of less than one unit in design defi- 
ciency changes cost for each unit spent on design. Spend- 
ing less on design will result in an increase of more than 
one unit in design deficiency changes cost for each unit 
saved in design costs. "Design" means the conventional ele- 


ments of Naval ship system design in this discussion. 
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The optimum level of design effort appears to occur 
at 3 1/2 percent (+ 1 percent, - 1/2 percent) of lead ship 
acquisition cost for combatant ships, and at 2.7 percent 
(+ 1/2 percent) of lead ship acquisition cost for non- 
combatant ships. Note that DD963, CG26, CGN38, and LSD37 
data points show that more than the optimum amount of effort 
was expended on these designs, indicating that sufficient 
design capacity exists to support an optimum level of effort. 

The cost-effectiveness function shown in Figure 12 
applies only to the lead ship of a lead-follow acquisition 
strategy, or to a single ship buy. The fixed costs of an 
acquisition program, such as design, land based test sites, 
etc., can be amortized over a larger number of ships if 
several ships are acquired on one contract. Also, the time 
delay involved in a true lead-follow acquisition strategy 
may be unacceptable in some acquisition programs. The exact 
Size of buy required to apply the lead-follow approach is a 
matter of uncertainty, but most Ship Acquisition Project 
Managers agree that a minimum of 10 to 20 ships are needed 
in order to take best advantage of the lead-follow approach. 
Ship acquisition programs smaller than 10 to 20 ships would 
very likely follow the more traditional approach of buying 
all ships on one multiship contract. The question of "How 
much design is enough" remains to be answered for a multi- 
ship acquisition program. 

The cost of design is shown in percent of average ship 


acquisition cost in Table 11. The average cost per ship of 





changes caused by design deficiencies is shown in Table 13. 
Previous comments regarding the quality of the data still 
apply. 

The difference between Table 12 and Table 13 is not 
large, but is significant in that fixed acquisition costs 
are amortized over all ships in the class on an equal basis. 
Also, the cost of changes in later ships in the class is 
generally less simply because the changes are made at an 
earlier stage in ship construction. 

The data in Table 13 is combined with that in Table 
11 and plotted in Figure 13, resulting in a Naval ship 
system design cost-effectiveness function for multiship pro- 
grams on a per ship basis. It should be noted that only 
those ships in the initial contract award for each class 
have been included in the data for Table 13 and Figure 13. 
When additional ships of the same class are awarded ona 
second or subsequent contract, changes made prior to award- 
ing the subsequent contract are usually incorporated in the 
subsequent contract at the outset. The result is that the 
cost visibility of those changes is lost, and in fact the 
cost may actually be zero for some changes since the neces- 
sity for making a change during construction is eliminated 
and the detail design work has been paid for in the previous 
contract. 

Figure 13 applies to a multiship acquisition program 
but only on a per ship basis. The cost of changes caused by 


design deficiencies is shown as a per-ship average, but the 
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Figure 13. 
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Naval Ship System Design Cost-Effectiveness 
Function Per Ship. 





design costs shown are for the entire ship acquisition pro- 
gram. In order to use Figure 13 to determine the correct 
amount of design effort for a multiship contract, two more 
steps are necessary. 

Figure 13 shows the average cost of changes per ship 
due to design deficiencies as a function of the level of 
design effort. In terms of total program costs, the cost 
of changes shown in Figure 13 must be multiplied by the num- 
ber of ships in the contract for each point on the curve. 
The effect is to shift the point at which the slope is minus 
one. This reflects the fact that the correct level of de- 
Sign effort is affected by the size of buy. Alternatively, 
the design cost can be divided by the number of ships in the 
contract to place design cost on a per ship basis along with 
changes cost. 

Figure 14 shows a family of curves for different size 
ship buys; developed by dividing the design cost shown in 
Figure 13 by the number of ships in the buy, and plotting 
the design cost per ship versus the cost of changes due to 
design deficiencies per ship, for each size buy. The point 
at which the slope is minus one is marked on each curve. 

The final step is to plot the correct level of design 
effort (slope equal to minus one) for each size of buy. 

This has been done in Figure 15, along with the author's 
estimated error band. The error band is based on the 
author's estimate of repeatability of data. No allowance is 
made for possible error in the shipbuilding cost index devel- 


oped in Chapter III. 
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Figure 15. Optimal Level of Effort for Conventional Elements 
of Naval Ship System Design for Combatant Ships. 











Figure 15 shows the optimal level of effort to expend 
on the conventional elements of Naval ship system design for 
any size buy up to 20 ships. Figure 15 applies only to com- 
batant ships, and only to acquisition programs for which all 
ships are bought in a single contract. Figure 15 does not 
apply to the follow ships of a lead-follow acquisition 
strategy. 

The curve shown in Figure 13 for non-combatant ships 
is too flat to allow development of a curve similar to 
Figure 15 for non-combatant ships. The point at which the 
minus one slope occurs is very near the left hand end of 
the curve shown in Figure 13. Expanding the changes axis 
by multiplying by the number of ships forces the point of 


minus one slope off the left hand end of the curve. 


Summary and Conclusions 


The cost of contract changes caused by design defi- 
ciencies has been presented. The costs have been adjusted 
for inflationary effect by means of a shipbuilding cost 
index, and the effect of ship system complexity has been 
taken into account by expressing the cost of changes in per- 
cent of ship acquisition cost. 

Cost effectiveness functions were developed for both 
combatant and non-combatant lead ships or one ship buys. It 
was shown that the optimum level of effort to expend on the 
conventional elements of Naval ship system design is about 


3 1/2 percent (+1, -1/2 percent) of lead ship acquisition 
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cost for combatant lead ships or one ship buys. This level 
of design effort would be optimal for a lead-follow acquisi- 
tion program if and only if the cost of design deficiency 
changes is zero for the follow ships. 

It was shown that the optimum level of effort to 
expend on the conventional elements of Naval ship system 
design is about 2 1/2 percent (+ 1/2 percent) of lead ship 
acquisition cost for non-combatant lead ships, or one ship 
buys. The recommended level of design effort would be opti- 
mal for a lead-follow acquisition program if and only if the 
cost of design deficiency changes is zero for the follow 
ships. 

Present design capacity is sufficient to support an 
optimum level of effort; however, it is the author's opinion 
that the level of manning that can be effectively utilized 
must also be considered. Attempts to complete the design 
work in a shorter time by assigning more people to do the 
work will compound design management problems, result in 
more rework, and generally reduce the efficiency of the ef- 
fort. In extreme cases, attempts to compress the design 
schedule will increase the probability of serious error, 
with consequent costly changes later, regardless of the 
amount of money spent or level of manpower devoted to the 
effort. 

The optimal level of effort to expend on the conven- 
tional elements of Naval ship system design was developed 


for multiship buys of combatant ships. The optimal level of 
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effort varies from 0.4 percent to 4.5 percent of the total 
acquisition cost for the entire program depending on the 
number of ships bought on a single contract. It was not pos- 
Sible to develop the optimal level of design effort for 
multiship buys of non-combatant ships, due to the shape of 
the cost-effectiveness function for non-combatant ships. 

It 1s concluded that acquisition cost can be reduced 
by expending the optimum level of effort on the conventional 
elements of Naval ship system design. The total acquisition 
cost, including the cost of design and the cost of changes 
caused by deficiencies in the contract plans and specifica- 
tions, will increase if a non-optimum level of effort is 
expended on design. The effectiveness of non-conventional 
design tasks has not been addressed. No data exist as of 
the date of this study to assess the cost-effectiveness of 
ship system design for the follow-ship of a lead-follow 
acquisition approach. 

Chapter V will summarize the findings of this thesis, 
state conclusions, present suggestions for using the infor- 
mation in this thesis, and make recommendations for further 


study. 
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CHAPTER V 


SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS 


This chapter will present a summary of the thesis, 
state answers to the research questions, state general con- 


clusions, and make suggestions for further study. 


Summary 


The objective of this thesis was to answer the pri- 
Mary research question of "What is the optimum level of 
design effort?" or "How much design is enough?" Corollary 
questions were: 

1. Can acquisition cost be decreased by increas- 

ing the scope of design effort? 

2. Does sufficient design capacity exist to 
Support an increase in the scope of design 
effort? 

Chapter II presented a brief overview of the differ- 
ent approaches to Naval ship system design. The ship system 
design tasks common to all the different approaches were 
identified and labeled the “conventional elements of Naval 
ship system design," or the "hard-core engineering design 


tasks of Naval ship system design." 
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Chapter III presented the cost of ship system design 
for twelve classes of Naval ships. It was shown that the 
total design effort has been increasing in both absolute 
terms and in percent of ship acquisition cost. The effort 
expended on the hard-core engineering tasks has been 
increasing in both absolute terms and in percent of ship 
acquisition cost, for non-combatant ships. The effort 
expended on the hard-core engineering tasks for combatant 
ships displays too much scatter to show any clear trend. 

Chapter IV presented the cost of changes caused by 
deficiencies in contract plans and specifications. The cost 
of these changes was compared to the cost of the conven- 
tional elements of ship system design for each class, and a 
cost-effectiveness function was developed. 

The data collected and presented in Chapter IV is 
affected by subjective judgment on the part of the author. 
The collection and analysis of the data was not a straight- 
forward "look up the facts" effort. Several thousand con- 
tract change file folders had to be examined, and the con- 
tents of each folder had to be subjected to the author's 
judgment in determining whether or not the change was caused 
by a deficiency in contract plans and specifications. Con- 
siderable data manipulation was necessary throughout the 
thesis, to allow for inflationary effects and to make an 
allowance for differences in ship system complexity. 

The shipbuilding cost index used is known to be 


imperfect. Error in the shipbuilding cost index can affect 
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the shape of the cost-effectiveness curves; consequently, 
the optimum level of design effort is also affected by 

error in the shipbuilding cost index. These facts should 

be kept in mind while considering the conclusions and recom- 
mendations to follow. The conclusions are based on more 
factual evidence than any previous study, but the factual 


evidence is not completely free of distorting influences. 


Conclusions and Recommendations 

The thesis has now reached a point where conclusions 
can be presented. 

The first conclusion is that the level of effort 
expended on the conventional elements of Naval ship system 
design affects the cost of contract changes caused by defi- 
ciencies in the contract plans and specifications. The total 
ship acquisition cost, including the cost of ship system 
design, can be reduced by expending the optimum level of 
effort on the conventional elements of ship system design. 
Spending one unit less than the optimum will result in more 
than one unit increase in the cost of changes. Spending one 
unit more than the optimum will result in less than one unit 
saving in the cost of changes. The fact that an optimum 
exists is a direct consequence of the fact that the effec- 
tiveness of increasing levels of design effort exhibits 
decreasing marginal returns. 

The second conclusion is that the optimum level of 


effort for the conventional elements of Naval ship system 
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design is about 3.5 percent (+ 1 percent, - 0.5 percent) of 
the lead ship acquisition cost for combatant lead ships or 
Single ship contracts. This level of effort is recommended 
by the author. This level of effort is optimal only for the 
First ship of a new class of a reasonably well-known ship 
type; 1t does not apply to an updated design of an existing 
Class, or to the design of a revolutionary ship type, or to 
the follow ships in a lead-follow acquisition program. The 
recommended level of effort is optimal for a lead-follow 
acquisition program if and only if the cost of changes 
caused by design deficiencies is zero for the follow ships. 
The third conclusion is that the optimum level of 
effort for the conventional elements of Naval ship system 
design is about 2.5 percent (+ 0.5 percent) of the lead ship 
acquisition cost for non-combatant lead ships or single ship 
contracts. This level of effort is recommended by the 
author. This level of effort is optimal only for the first 
ship of a new class of a reasonably well-known ship type; it 
does not apply to an updated design of an existing class, or 
to the follow ships in a lead-follow acquisition program. 
The recommended level of effort is optimal for a lead-follow 
acquisition program if and only if the cost of changes 
caused by design deficiencies is zero for the follow ships. 
The fourth conclusion is that the optimum level of 
effort for the conventional elements of Naval ship system 


design for multiple-ship contracts for combatant ships 
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varies from 0.4 percent to 4.5 percent of total program 
cost, depending on the number of ships bought on one con- 
tract. Data limitations precluded development of a similar 
conclusion for non-combatant ships. Data does not exist for 
the follow ships in a lead-follow acquisition program. 

The fifth conclusion is that sufficient ship system 
design capacity exists to implement the recommended level of 
design effort, based on the fact that several recent ship 
system designs have absorbed more effort than the recom- 
mended amount. It may be necessary to adjust design and 
acquisition program schedules somewhat to avoid overloading 
the design capacity, but the recommended level of effort is 
believed to be feasible. 

It is the author's opinion that design and acquisi- 
tion programs should be scheduled to maintain a constant 
design workload near design capacity, but care should be 
taken to avoid overloading the design capacity, particularly 
when the overload is due to an accelerated design schedule. 
Attempts to rush the design process will undoubtedly 
increase the probability of serious error, with consequent 
costly changes later, regardless of the amount of money 
Spent or level of manpower devoted to the effort. 

The sixth conclusion is that the total impact of 
expending a non-optimum level of effort on the conventional 
elements of ship system design is small. The potential 
return from an optimum level of design effort is worthwhile, 


but not large. The potential reduction in total acquisition 
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cost is less than three percent. If the design cost for the 
CG26 had been reduced by four percent of lead ship acquisi- 
tion cost, the cost of changes would have increased by about 
one percent of lead ship acquisition cost, leaving a net 
saving of about three percent. If the design cost for the 
FFG7 or the AE26 had been increased by one percent of lead 
Ship acquisition cost, the decrease in the cost of changes 
would have been less than two percent, leaving a net saving 
of less than one percent. 

A three percent saving in a billion-dollar program is 
certainly worthwhile, but probably not as significant as 
savings that might result from other actions. Increasing 
the level of systems analysis effort in the selection of 
gross ship characteristics might well result in savings more 
Significant than choosing the optimum level of effort to 
expend on hard-core engineering design tasks. 

The return from increasing the level of effort 
expended on the non-conventional elements of ship system 
design, including systems analysis techniques, has not been 
determined. It is recommended that further research be con- 
ducted to determine the optimum level of effort to expend on 
the non-conventional elements of Naval ship system design. 
The results of that research, combined with the conclusions 
reached in this thesis, will provide a more complete answer 
to the question of "How much design (total) is enough?" The 
author suggests that the role of the non-conventional ele- 


ments of ship system design in determining the "design to" 
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requirements, selecting the gross ship system characteris- 
tics, and reducing life cycle costs may be more significant 
than the role of the conventional elements in reducing the 
cost of changes. 

Finally, additional research is recommended to deter- 
mine the cost-effectiveness of reworking the contract plans 
and specifications for the follow ships in a lead-follow 
acquisition approach. It is a widely held opinion that 
rework of the contract design, incorporating all that has 
been learned from the detail design and construction of the 
lead ship, should significantly reduce the cost of changes 
in the follow-ships. The cost of reworking the contract 
design, and the effectiveness in reducing the cost of follow- 
ship changes should be determined. The total cost of con- 
tract design rework plus the cost of follow-ship changes 
caused by design deficiencies should be compared to the cost 
of follow-ship changes caused by design deficiencies when 
the contract design is not redone. Future data from the 
FFG7 program can be compared to the data presented in this 
thesis to determine whether or not the lead-follow acquisi- 
tion approach is cost-effective. It is suggested that the 
value of "time-to-acquire" should be addressed by the same 
research effort. 

The author believes that the information and recom- 
mendations contained in this thesis are worthy of considera- 
tion by Ship Design Managers and Ship Acquisition Project 


Managers. A worthwhile saving in total ship acquisition 
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cost can be achieved by using as a guide the recommendations 
presented here, tempered by experienced judgment and any 
unique requirements of the individual design and acquisition 
program. The author will be grateful if this work is 


accepted in that manner. 
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